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Abstract 7 
Agroforestry (the integration of trees into agricultural landscapes) has been promoted, in 8 
Australia and elsewhere, as a way to increase farm productivity by providing a wide range of 9 
benefits. Despite this, adoption of agroforestry in Australian agricultural systems remains 10 
low. To implement agroforestry, farmers must be convinced the benefits of including trees 11 
outweigh the costs. This review evaluates the available quantitative data on shelter benefits 12 
with emphasis on Australian conditions, identifies key research gaps and determines if there 13 
is sufficient knowledge to make accurate predictions about impacts on farm productivity. 14 
Availability of quantitative data on windbreak shelter benefits was examined in five key 15 
areas; water use and evaporation, crop/pasture production, livestock mortality, livestock 16 
productivity and the capacity to model impacts of windbreaks on crop/livestock systems. 17 
Good quantitative data exists for many areas, particularly for changes in environmental 18 
conditions following tree establishment, however there were many gaps in key areas. 19 
Importantly, the ability to predict crop growth under spatially and temporally variable 20 
environmental conditions and the impact of windbreaks on livestock productivity is not yet 21 
able to be meaningfully quantified. Thus modelling the profitability of windbreaks is difficult 22 




The strategic addition of trees to farms produces a range of benefits, including: reducing 25 
land degradation, diversifying income streams, increasing biodiversity, carbon sequestration 26 
and increasing the national timber resource (Race and Curtis 1997; George et al. 2012). Due 27 
to these benefits, globally many governments have encouraged the establishment of trees on 28 
farms, for example Australia’s Carbon Farming Initiative (2012) and the Emission Reduction 29 
Fund (2014). Yet in Australia, adoption by farmers remains low (Stewart 2009) particularly 30 
in comparison to Europe, South-East Asia, Sub-Saharan Africa and the Americas (Zomer et 31 
al. 2009). Many causes of low adoption have been suggested, particularly economic 32 
considerations such as the increased time and finances required to establish trees, and the 33 
uncertainty around future markets for timber (Race and Curtis 2007). However, the benefits 34 
of trees extend beyond wood production to include potential gains in crop and animal yields 35 
due to the provision of shelter. Both timber and non-timber benefits must be quantified to 36 
allow mangers to fully assess the economic impact of establishing trees on broader farm 37 
finances. 38 
Short to medium-term benefits of tree establishment in agricultural landscapes, such as 39 
increased agricultural yield due to shelter, may make trees more attractive to land managers 40 
than future timber yields, particularly when tree rotation lengths are sometimes longer than 41 
land managers tenure (Race and Curtis 2007). Focusing on these shorter-term benefits has 42 
been successful in France where legislating and encouraging agroforestry as an agricultural 43 
input rather than a forestry enterprise has resulted in high levels of adoption (Place et al. 44 
2012). However, adoption of new agricultural practices relies on land managers 45 
understanding the relative advantage of the practice and this is often achieved through trial 46 
evaluation (Pannell et al. 2006). It is likely that propspective adopters will be more convinced 47 
if demonstrated agroforestry benefits are based in similar environments, hence, there is a 48 
3 
 
need for quantitative evidence demonstrating the impacts of shelter derived agroforestry 49 
benefits in Australian systems. 50 
In Australian systems, it has been suggested that up to 10 percent of a farm, in high 51 
rainfall grazing areas, could be used to grow trees without any agricultural yield loss (Bird 52 
1990; Stewart and Reid 2006). However, these figures are based on assumed benefits to plant 53 
growth and livestock survival that, to date, have not been tested and validated with sufficient 54 
quantitative data. Aside from the five year Australian National Windbreak Program (1993-55 
1997), information on agroforestry systems in Australian systems tends to rely on ‘grey’ 56 
literature e.g. government reports, often based on assumed benefits or word of mouth. 57 
Therefore, it is important to determine if in-depth studies/analysis are needed to confirm the 58 
perceived benefits of on farm tree plantings and in what areas information is lacking. 59 
This review explores and synthesises published information on the shelter benefits (i.e 60 
non-wood products) that agroforestry systems can have in Australia. In particular, this review 61 
aims to; 62 
1. Identify the key research areas required to quantify the shelter derived agricultural 63 
benefits of agroforestry systems’, 64 
2. Review the quantitative data in each identified area, and 65 
3. Identify research gaps that are limiting our ability to predict the economic or 66 
production outcomes of establishing agroforestry. 67 
We have limited our discussion to windbreaks/shelterbelts (hereafter referred to as 68 
windbreaks) as there are many different types of agroforestry systems (e.g. silvopastoral, 69 
alley cropping, windbreaks), which have varied responses and impacts on farm productivity.  70 
Windbreaks are a common form of agroforestry in Australia and are designed to minimise 71 
damaging winds in stock and crop/pasture systems. Windbreaks refer to a single, or multiple 72 
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rows of established trees that are situated on the paddock periphery, or internally at 73 
strategically located distances, usually perpendicular to the direction of the most damaging 74 
winds. Windbreaks are often planted for their short to medium-term benefits, and therefore 75 
differ from farm woodlots, which are typically planted as a long-term fibre crop, with a return 76 
not expected until harvest. Due to their size and porosity, woodblocks will likely differ in 77 
their impact on adjacent paddocks compared to windbreaks. 78 
Key research areas for windbreak derived agricultural benefits 79 
Windbreaks produce a range of benefits and costs to agricultural systems. The effect of 80 
windbreaks on airflow over sheltered pastures/paddocks is well studied, both internationally 81 
(Peri and Bloomberg 2002; Brandle et al. 2004) and, in Australian systems, particularly 82 
through the Australian National Windbreak Program (Cleugh 1998, 2002a). Reducing wind-83 
speeds creates a sheltered zone, typically occurring 3-20 tree heights away from the 84 
windbreak (Cleugh et al. 2002) and in turn affects many agriculturally important 85 
environmental parameters including microclimate (temperature, relative humidity), soil 86 
erosion, and hydrology (Kort 1988). Windbreak induced environmental changes have flow on 87 
effects to crop yield and/or water use/evapotranspiration (Nuberg and Mylius 2002). While 88 
shelter effects on yield can be positive, windbreaks also create a competition zone where 89 
trees cause a reduction in plant productivity via competition for water, nutrients and light: 90 
this zone usually occurs within one to two tree heights of the windbreak (Nuberg 1998). 91 
Livestock productivity and mortality can be impacted via windbreak induced changes in 92 
pasture productivity and environmental conditions (e.g. temperature and wind-speed) (Collier 93 
et al. 2006; Pollard 2006). Windbreaks may also have negative interactions with livestock for 94 
example, adverse interactions via poisoning or harbouring pests, although the majority of 95 
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negative interactions can be minimised through tree choice and windbreak design (Gregory 96 
1995). 97 
Land managers often find agroforestry systems challenging to adopt because of their 98 
perceived complexity. However, this perceived complexity can be overcome through the 99 
provision of empirical results from trials (Stanley et al. 2006).  Biophysical and bio-economic 100 
modelling supported by robust empirical data has the potential to assist farmers in decision 101 
making around establishment of agroforestry systems. Decision support tools need to be 102 
capable of evaluating the impacts of trees on the key aspects of agricultural systems, 103 
including tree, crop and animal yields, and therefore income under various scenarios. Ideally, 104 
such models will be able to accommodate various windbreak types and configurations, type 105 
of agricultural enterprise, and how they interact with micro- and macro-climatic factors. 106 
We identified five areas that should be considered when quantifying the benefits of 107 
potential windbreaks in agricultural landscapes: 108 
1) Impact of windbreaks on water use and evapotranspiration, 109 
2) Impact of windbreaks on crop and pasture production 110 
3) Impact of windbreaks on livestock mortality 111 
4) Impact of windbreaks on overall livestock productivity, and 112 
5) The capacity to model economic benefits of windbreaks. 113 
Below we review available Australian data in the above areas and identify key research 114 
gaps; however it is important to recognise that trees provide other benefits to agricultural 115 
enterprises not accounted for in the above categories, including; reduced erosion, improved 116 
nutrient and water management, promoting pollinators, carbon storage and improved 117 
aesthetics and farm value. 118 
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Shelter impacts on paddock-level water use and evapotranspiration. 119 
Windbreaks alter paddock-level water use via three main mechanisms: 1) trees competing 120 
with agricultural crops for water in the competition zone, 2) reduced evapotranspiration in the 121 
sheltered zone, and, 3) reduced micro-droplet evaporation loss/drift in irrigated systems. 122 
The first mechanism is well described. Trees compete for water with adjacent agricultural 123 
crops, intercept rainfall (Radcliffe 1985) and create rain shadows within paddocks (Woodall 124 
and Ward 2002) creating depressed yields in the competition zone (Bird 1998). In Australian 125 
systems, tree water use, water source (White et al. 2002) and how hydrological impacts vary 126 
with differing ground water depths (Brooksbank et al. 2011) are well studied. While the 127 
competition effects are important to consider, this review focuses on the second two 128 
mechanisms as they are shelter derived impacts. 129 
Reduced evapotranspiration beyond the competition zone is commonly observed in 130 
Australia and internationally. Windbreaks reduce evapotranspiration in the sheltered zone 131 
through a combination of altered air movement, direct interception of solar radiation and by 132 
altering plant transpiration through changes in growth rate and physiology (Table 1). Lower 133 
wind-speeds on the leeward side of windbreaks reduce evapotranspiration (Messing et al. 134 
1998; Nuberg and Bennell 2009; Koh et al. 2010) which increases water availability to plants 135 
(Campi et al. 2012), extending the growing season in dryland systems, or reducing irrigation 136 
requirements. 137 
Table 1 approximate position 138 
Windbreaks conserve water in agricultural systems predominantly by lowering air 139 
temperatures and wind-speeds (Table 1). This result is well demonstrated across Australian 140 
and New Zealand studies and especially through the Australian National Windbreak Program 141 
(studies published between 1998-2002, Table 1). International studies provide consistent 142 
7 
 
results demonstrating benefits on soil water retention in the sheltered zone, but a net water 143 
loss closer to windbreaks due to tree consumption (Stirzaker et al. 2002). 144 
Windbreaks can increase overall paddock productivity by reducing evaporation 145 
increasing the efficiency of production per unit of water (Ali and Talukder 2008). While 146 
shelter impacts on evapotranspiration are well studied, only one Australian study (Table 1), 147 
Nuberg and Mylius (2002), measured the associated changes in crop yield and they found 148 
that wheat grown in the shelter of a windbreak used more water which resulted in greater 149 
plant biomass, but not a higher grain yield. Linking windbreak-induced water use change and 150 
crop yield is also rare in the international literature with only a single study identified 151 
(Rosenberg 1966). This study found increased depletion of soil water in sheltered plots and 152 
equated that to greater plant use and in some cases, but not all, this correlated to an increase 153 
in yield. Furthermore, as noted by Cleugh (1998) plants germinated in a sheltered 154 
environment may have different physiology (e.g. leaf size and stomatal resistance) so while 155 
the environmental evaporative demand might be lower, the plant water use may be similar to 156 
that of unsheltered plants. Additionally, Cleugh and Hughes (2002) concluded that windbreak 157 
induced changes in water fluxes are not directly correlated with changes in other 158 
environmental characteristics such as wind.  It is apparent that the understanding of how 159 
climatic changes induced by windbreaks impacts on plant yields is lacking, therefore, 160 
additional data is needed to relate environmental changes, including evapotranspiration, to 161 
the impact they have on returns to the land owner. 162 
The third mechanism by which windbreaks alter water use, is through altering paddock-163 
level water use in irrigated systems. This area has received less attention than the first two 164 
mechanisms. By reducing wind-speeds, windbreaks can prevent irrigation drift and reduce 165 
irrigation requirements (De Vries et al. 2010; Kilaka 2015). The quantity of water supplied 166 
through irrigation at a paddock level could be reduced, via lowered evapotranspiration and 167 
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spray drift, by 10-60% when shelter was effectively used (Table 1). The ability of windbreaks 168 
to reduce spray drift potentially lowers water costs, makes more water available elsewhere, or 169 
lowers costs of agrichemicals. This area of research has, to our knowledge, only been 170 
examined once in Australasian systems by Kilaka (2015) who showed that when windbreaks 171 
were removed extra irrigation was required. This appears to be an important area of research 172 
as irrigation, especially as centre pivot irrigation increases on Australian farms and future 173 
climate conditions may put further stress on water resources. In addition to minimising drift 174 
of  irrigation water, further benefits are likely by minimising the drift of chemical sprays on 175 
farms (Ucar and Hall 2001; Felsot et al. 2011), reducing wastage, pollution of waterways, 176 
and damage to non-target crops. 177 
As well as potential for direct benefits and costs to agricultural productivity, windbreaks 178 
can provide other benefits for water management. Through reducing soil erosion, slowing 179 
water movement and creating root channels, trees can increase the ability of water to infiltrate 180 
and store in soil (Young 1989). Trees can reduce rising salinity by utilising water during 181 
fallow periods, accessing deep soil water (Oliver et al. 2005), intercept fresh water before it 182 
contributes to rising saline water table (Abel et al. 1997; Bennett and Cattle 2014), and limit 183 
the runoff of agricultural chemicals into water courses (Ucar and Hall 2001). These benefits 184 
may be harder to quantify economically, but will serve to protect against future economic 185 
losses by improving the environmental and soil health.  186 
Impact on pasture/crop yield 187 
Crop yields generally decrease in the competition zone, but increase in the sheltered zone. 188 
Increased yields are attributed to multiple factors; reduced wind damage, decreased 189 
evapotranspiration and more favourable microclimate conditions e.g. temperature and relative 190 
humidity (Bird et al. 1992; Cleugh 1998; Cleugh et al. 1998). In the majority of studies, yield 191 
increases in the sheltered zone overcome the yield loss in the competition zone however, 192 
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some studies have reported no responses at the paddock scale and others have reported net 193 
yield loss (Table 2). 194 
Table 2 Approximate position 195 
Australian studies show high variability in the effects of windbreaks on agricultural 196 
productivity. These studies were predominantly carried out in the 1990’s (Bicknell 1991; 197 
Burke 1991) and by the Australian National Windbreak Program (see programme review by 198 
Cleugh et al. (2002)) (Table 2). In temperate Australian systems crop yields have been 199 
reported to increase by between 0 – 47 % (Nuberg 1998) (Table 2), however some studies 200 
show no yield increase (Bird 2003) and others report net yield reductions (Oliver et al. 2005). 201 
Variability in yield responses has been attributed to three main areas; environmental 202 
differences between sites, differential responses between crop species, and temporal 203 
environmental changes (both between seasons and across years). Understanding variability in 204 
crop species responses to windbreaks is currently a key limitation in being able to accurately 205 
predict windbreak derived agricultural benefits. The factors influencing crop species 206 
variability are discussed below. 207 
Variation in crop response to windbreaks between sites and years is in part related to 208 
changes in environmental conditions. In Australia, windbreak shelter benefits occur more in 209 
areas where rainfall limits crop and/or pasture growth (Cleugh et al. 2002). This is also the 210 
case internationally, for example, in Northeast China windbreak benefits on plant yield 211 
occurred most at dry sites (Zheng et al. 2016). Additionally, windbreaks tend to increase crop 212 
growth in areas exposed to high wind in Australia (Cleugh et al. 2002; Bennell and Verbyla 213 
2008), and internationally e.g. Patagonia (Peri and Bloomberg 2002). The more consistent 214 
benefits of windbreaks in dry, hot or windy conditions may mean that windbreaks could be 215 
employed as insurance against years when these conditions occur. Importantly, windbreaks 216 
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may be more advantageous for adapting farms and farm businesses to future climates, with 217 
hotter, drier, and more extreme events predicted to occur. In addition, the impact of 218 
windbreaks on yields due to hydrological changes is likely to depend on the yearly rainfall 219 
distribution patterns (Nuberg and Mylius 2002). However, these studies only propose the 220 
conditions under which windbreaks will be most effective and to our knowledge, no study 221 
has specifically addressed changes in windbreak effectiveness with variation in 222 
environmental conditions. 223 
Studies reported in Table 2 were conducted on a mixture of crop and pasture species. 224 
Variation in growing/producing times between species may interact with seasonal 225 
environmental variation and drive some of observed variability in windbreak effects between 226 
studies and species. The scale of microclimatic changes induced by trees varies seasonally 227 
(Baker et al. 2016), which may explain variability between crop growth and yield responses 228 
reported (Table 2). Seasonal differences in the scale of windbreak effects is an important 229 
factor to consider, for example, in areas where hot and dry conditions are more likely at the 230 
end of the growing season, windbreaks could potentially extend the growing season. 231 
Variability between crop species responses to windbreak effects is also likely driven by 232 
different susceptibility to climate or other windbreak benefits e.g. increased pollinator load 233 
(Wratten et al. 2012).  234 
Impact of shelter on livestock mortality 235 
In temperate Australian conditions windbreaks can prevent livestock mortality from 236 
extreme cold (Hinch and Brien 2014) and heat stress (Gregory 1995). Shelter reduces the risk 237 
of extreme environmental conditions, particularly wind-chill, and heat-stress induced by 238 
direct radiation. The importance of providing shelter from extreme environmental conditions 239 
has been recognised by many livestock certification schemes e.g. Australian certified organic 240 
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standard, 5-step animal welfare standard, which may be an additional benefit of agroforestry 241 
systems. 242 
A recent review of Australian studies on lamb mortality by Hinch and Brien (2014) 243 
suggested that research on the impact of windbreaks on lamb mortality had not advanced 244 
since work by Lynch and Alexander e.g. (Lynch and Alexander 1976; Alexander et al. 1980) 245 
(Table 3). Much of the information on lamb mortality is derived from New Zealand studies 246 
(Table 3) due to research following severe storms in 1992 (Gregory 1995).  247 
Table 3 Approximate position 248 
It is clear from the majority of Australasian studies (Table 3) that windbreaks reduce 249 
mortality of newborns lambs born in cold, wet and windy conditions. Studies observing little 250 
or no reduction in lamb mortality (Pollard and Littlejohn 1999; Robertson et al. 2011) are 251 
most likely due to a lack of adverse conditions over the study period. Broster et al. (2012) 252 
modelled the impact of severe weather conditions on the chill index and found that the impact 253 
of shelter varied with location and season depending on prevalence and timing of wind and 254 
wind chill. 255 
There is a need to differentiate and quantify the benefits of different shelter types, for 256 
example, reports in Table 3 do not differentiate between the benefits of tree windbreaks and 257 
man-made shelter. While studying general shelter responses may serve to encourage further 258 
establishment of shelter in paddocks, it cannot be used to model the overall costs and benefits 259 
of tree windbreaks as there are likely differences in the effects between shelter types. Even 260 
within windbreaks, shelter values will change with configuration, topography, species, age, 261 
density, and management, which are variables that should be recorded in such studies. 262 
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More research is required to understand how windbreaks affect livestock mortality. Most 263 
studies in this area are based on research into livestock thermodynamics at different 264 
temperatures/wind-speeds and the assumptions that windbreaks alter these conditions, and 265 
livestock utilise altered areas. In particular there is a lack of research on the impact of 266 
reduced wind-chill on calf mortality, and the potential benefits of reduced heat stress due to 267 
windbreaks on both calf and lamb mortality. Current evidence on livestock mortality is often 268 
anecdotal (Gregory 1995), survey based e.g. Pollard (1999) or based in specific systems e.g. 269 
man-made fences (Lynch and Alexander 1977) or grass windbreaks (Lynch et al. 1980b). 270 
There remains a lack of experimentally obtained quantitative data since studies done in the 271 
1970’s on man-made fences (Table 3) and therefore, research in tree windbreak systems is 272 
required. 273 
Shelter impacts on livestock productivity 274 
Windbreak shelter can potentially improve livestock productivity, e.g. liveweight gain, 275 
milk or wool production. Several studies have explored the impact of adverse environmental 276 
conditions on productivity (see Bird (2003) for a review on dairy cow production), based on 277 
knowledge of the thermal dynamics and energy use of livestock (McArthur 1991). However, 278 
there is limited quantitative data on productivity changes in tree windbreak systems. Man-279 
made windbreaks are reported to increase production for both sheep and cattle (McIlvain and 280 
Shoop 1971; Holmes et al. 1978; Lynch and Donnelly 1980), but artificial windbreaks do not 281 
simulate the negative impacts of tree competition on pasture productivity, and will have 282 
different environmental impacts to trees due to differing porosity and size. Changes in 283 
microclimatic conditions e.g. higher temperature and reduced wind-chill, which are known to 284 
occur in association with windbreaks (Cleugh 1998), are likely to be beneficial to livestock 285 
productivity. Alternatively, tree shading can decrease livestock productivity (Mader et al. 286 
1997; Ainsworth et al. 2012) due to less time spent foraging and reduced forage growth. 287 
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However, there are few quantitative studies on livestock yields associated with windbreaks. 288 
Internationally, studies generally focus on windbreak impacts during winter and have shown 289 
small to no benefits (Olson et al. 2000; Olson and Wallander 2002). Heat stress is an 290 
important issue for livestock production and as shade and wind-flow are important 291 
determining factors of heat stress (Tucker et al. 2015), windbreaks may play an important 292 
role. However, to our knowledge no studies have assessed the impact that windbreak induced 293 
changes in environmental conditions have on the heat stress or productivity of livestock. 294 
While there is a good understanding of the thermal dynamics that impact livestock 295 
productivity, our current understanding is hindered by a limited ability to account for 296 
behavioural responses to the environmental conditions (Caton and Olson 2016). Therefore, it 297 
is important to test livestock responses in actual windbreak systems as it will account for both 298 
environmental and behavioural changes. Although studies in NSW in the 1970’s and 80’s 299 
monitored behaviour and productivity changes in sheltered paddocks (Table 4), shelter was 300 
created using either man-made fences or small grass windbreaks. Further research should 301 
extend this work into treed systems, which will alter environmental conditions to differing 302 
degrees and scales. 303 
Table 4 Approximate Position 304 
As yet there is insufficient evidence to draw any conclusions about the impact of 305 
windbreaks, especially tree windbreaks, on livestock productivity under Australian conditions 306 
(Table 4). While numerous reports have found that heat and cold stress can result in reduced 307 
yields (Bird 2003), there is currently a limited evidence base to demonstrate that the modified 308 
microclimates associated with windbreaks are sufficient to impact livestock productivity. 309 
However, it has been demonstrated that sheep utilise shelter under inclement weather 310 
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conditions (Taylor et al. 2011) and therefore, it is reasonable to assume that this confers a 311 
productivity benefit based on the energy balance studies reported above. 312 
Modelling the impacts of windbreaks 313 
The ability to model agroforestry impacts on both biophysical responses and yield is 314 
crucial for accounting for revenues and costs from both the agricultural, environmental and 315 
forestry aspects of windbreaks (Sudmeyer and Flugge 2005; Donaghy et al. 2010). Modelling 316 
capabilities that allow users to explore the impacts of differing management techniques, tree 317 
and crop species, products, and spatial/temporal configurations on the profitability of 318 
agroforestry systems are needed. The variability of agroforestry outcomes, especially in 319 
species responses and changes with environmental conditions, requires bioeconomic models 320 
to account for this variation, and provide a potential range of economic predictions to the end 321 
user; however for many aspects, such as the areas addressed in this review, more data is 322 
required. Models based on robust quantitative data will be more powerful and could help 323 
guide management strategies to ensure that agroforestry is a profitable part of the farm 324 
enterprise (e.g. see Sudmeyer et al. (2012) in mallee systems). With sufficient quantitative 325 
data, modelling could allow the extrapolation of agroforestry outcomes to examine the impact 326 
of temporal changes which are otherwise unachievable due to time and logistical constraints. 327 
Many models predict yield and economic returns of agroforestry systems, though these 328 
models have generally been developed for specific locations and agroforestry types 329 
(Luedeling et al. 2016). Many agricultural production models tend to focus on systems other 330 
than windbreaks e.g. alley-cropping or silvo-pastural, therefore, caution is recommended 331 
when applying them to other systems and beyond their derived locations. 332 
Several models have been developed to predict individual components of windbreaks e.g. 333 
tree-crop competition (Mayus et al. 1998), evapotranspiration/water use (Campi et al. 2012) 334 
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and overall crop yield (Easterling et al. 1997). This modelling has occurred in Australian 335 
systems (Table 5) however, there are few models that include multiple important economic 336 
components e.g. crop, livestock, water and agrochemical. As Carberry et al. (2002) 337 
demonstrated, focusing on a single benefit of agroforestry systems can misrepresent their 338 
economic potential. The economic feasibility of windbreak systems needs to accommodate 339 
for a combination of effects and models need to encompass this. 340 
Table 5 Approximate Position 341 
While some studies estimate the combined economic impact of multiple agroforestry 342 
components e.g. Loane (1991) and Huth et al. (2003), the ability to confidently model 343 
multiple agroforestry components is limited by the availability of quantitative data. For 344 
example, estimating the impact of shelter on livestock production is very challenging as all 345 
the components of the system have yet to be quantified. While studies such as Young et al. 346 
(2014) focused on the economic benefit of windbreaks on reduced lamb mortality, if the 347 
potential increases in fodder, reduction in water use and the improved productivity of the 348 
livestock as well as the multiple other benefits of windbreaks were included, then it may 349 
improve the economic accuracy of predictions and the appeal of agroforestry systems. 350 
Outside of agricultural benefits, other  benefits also need to be considered e.g. use of trees 351 
for fodder (Patabendige and Lefroy 1992; De Koning and Milthorpe 2008; McHenry 2013), 352 
use of trees for wood production and carbon (Chavasse 1982), ability to mitigate rising 353 
salinity (George et al. 2012), biodiversity (Jose 2009), ecosystem services e.g. pest control, 354 
pollination (Zhang et al. 2007; Wratten et al. 2012) and land value benefits (Polyakov et al. 355 
2014). While for some of these additional components, the ability to model outcomes already 356 
exists e.g. wood production from plantations, additional benefits still need to be incorporated 357 
into agroforestry based models. 358 
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Temporal impacts of the windbreak tree rotation provide additional complexity that must 359 
be considered. For example, a suitable agroforestry model needs to consider how the benefits 360 
change over time from establishment to mature trees to tree removal/death (Luedeling et al. 361 
2016), particularly if windbreaks are implemented for wood production. Agroforestry models 362 
have been developed that do incorporate the lifespan of the tree component (Jones and 363 
Sudmeyer 2002; Meinke et al. 2002), although these models rely on data where variation in 364 
response is due to tree height and do not account for changes in shelter characteristics 365 
between young and old windbreaks and changes due to silvicultural management. This leaves 366 
a clear gap in our capacity to predict and model potential economic benefits temporally in 367 
agroforestry systems. 368 
Conclusions and recommendations  369 
In Australian agricultural systems, agroforestry has the potential to increase yields and 370 
provide net positive economic benefits to farmers. The impact of agroforestry systems on 371 
agricultural productivity has been synthesised from numerous case studies, reviews and grey 372 
literature. However, while the effects of windbreaks are numerous, they are highly variable 373 
and there is a lack quantitative data to drive decision making in many key areas. In each of 374 
the research areas examined, we identified significant data gaps (Table 6) that need to be 375 
filled to accurately predict the agricultural impact of windbreak establishment. 376 
Table 6 Approximate Position 377 
Key gaps in our knowledge (Table 6) inhibit our ability to reliably estimate the impact of 378 
establishing windbreaks on agricultural productivity. In particular, yearly and seasonal 379 
variation in the responses of crop yields to windbreaks limits the ability to accurately model 380 
windbreak impacts. It is likely that windbreaks provide greater benefits in years with climatic 381 
extremes, and as a result may serve as a form of crop/livestock insurance from extreme 382 
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conditions. Protection from extreme environmental events is likely to increase in importance 383 
due to the projected increase in climate extremes (Easterling et al. 2000). Understanding the 384 
relative importance of environmental drivers on the impact of windbreaks (Table 6) will 385 
increase the capacity to model windbreak benefits under changing climates. The capacity to 386 
model crop yield responses is also limited by the lack of studies examining the complex 387 
relationship between windbreak induced changes in evapotranspiration and the subsequent 388 
impact that has on plant physiology and therefore crop and pasture yields. The impact of 389 
agroforestry systems on paddock-scale water dynamics requires more data and is an area that 390 
has strong potential to improve agroforestry profitability particularly for pivot irrigation 391 
systems which are susceptible to water loss through spray-drift. Windbreaks in irrigated 392 
systems potentially reduce water use and prolong soil water availability in dryland systems. 393 
Windbreak impacts on livestock productivity is another area that requires further study to 394 
allow better prediction of livestock productivity with shelter. The impact on shelter is 395 
complex and includes changes in mortality, animal thermodynamics and windbreak induced 396 
changes in pasture production. The cumulative effects of windbreaks on livestock 397 
productivity are well understood and therefore the capacity to provide accurate economic 398 
estimates of the impact of windbreaks is limited. Increasing predictability will enhance farm-399 
scale decision making of when and where windbreaks will be beneficial. For example, in 400 
Australia variation in paddock size between states may determine the capacity for windbreaks 401 
to be economically viable e.g. average paddock size is 449 ha across Queensland/Western 402 
Australia compared to 77 ha across Tasmania/Victoria/New South Wales/South Australia 403 
(ABS 2017). Even in larger paddocks, the net positive effect of windbreaks may still justify 404 
their establishment, and/or establishment of within-paddock shelter, if it is shown to make a 405 
net positive contribution to whole farm profitability. 406 
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Tools such as bioeconomic or biophysical models are needed to guide farm based 407 
decisions on agroforestry. Confidence in these tools requires them to encompass multiple 408 
agroforestry drivers and to be based on robust data as benefits of individual aspects of 409 
agroforestry can be small and often do not offset establishment, maintenance and competition 410 
costs. However, the literature identified in this study, shows numerous gaps in quantitative 411 
data which limits this ability and as a result the benefits of agroforestry often rely on 412 
assumptions and/or anecdotal experience. For example Bird (1990) suggested that 10 percent 413 
of farms could be planted without negatively affecting yield, based on assumptions without 414 
data. Quantitative data is needed, both to inform the model assumptions, and to validate 415 
model outcomes. If this and other benefits are confirmed with data, the business case for 416 
adoption of agroforestry systems would be clearer, particularly for land-managers who rely 417 
on the agricultural benefits derived from agroforestry. 418 
Conflicts of interest 419 
The Authors declare no conflicts of interest. 420 
Acknowledgements 421 
We thank Patrick Mitchell, Tony O’Grady and Libby Pinkard for constructive comments 422 
on the manuscript, and Arthur Lyons and Aysha Fleming for providing useful information. 423 
References 424 
Abel, N, Baxter, J, Campbell, A, Cleugh, HA, Fargher, J, Lambeck, R, Prinsley, RT, Prosser, 425 
M, Reid, R, Revell, G, Schmidt, C, Stirzaker, RJ (1997) 'Design principles for farm 426 
forestry: a guide to assist farmers to decide where to place trees and farm plantations 427 
on farms.' (RIRDC: Barton, ACT) 428 
ABS (2017) Land management and farming in Australia. Australian Bureau of Statistics, 429 
Canberra. 430 
Ainsworth, JAW, Moe, SR, Skarpe, C (2012) Pasture shade and farm management effects on 431 
cow productivity in the tropics. Agriculture, Ecosystems and Environment 155, 105-432 
110. 433 
Alexander, G, Lynch, JJ (1976) Phalaris windbreaks for shorn and fleeced lambing ewes. 434 
Proceedings of the Australian society of Animal Production 11, 161-164. 435 
19 
 
Alexander, G, Lynch, JJ, Mottershead, B, Donnelly, J (1980) Reduction in lamb mortality 436 
due to grass wind-breaks: results of a 5 year study. Proceedings of the Australian 437 
society of Animal Production 13, 329-332. 438 
Ali, MH, Talukder, MSU (2008) Increasing water productivity in crop production - A 439 
synthesis. Agricultural Water Management 95, 1201-1213. 440 
Baker, TP, Jordan, GJ, Baker, SC (2016) Microclimate edge effects in a recently harvested 441 
forest: Do remnant forest patches create the same impact as large forest areas? Forest 442 
Ecology and Management 365, 128-136. 443 
Bennell, MR, Verbyla, AP (2008) Quantifying the response of crops to shelter in the 444 
agricultural regions of South Australia. Australian Journal of Agricultural Research 445 
59, 950-957. 446 
Bennett, JM, Cattle, SR (2014) Adoption of Soil Health Improvement Strategies by 447 
Australian Farmers: II. Impediments and Incentives. The Journal of Agricultural 448 
Education and Extension 20, 107-131. 449 
Bicknell, D (1991) 'The role of trees in providing shelter and controlling erosion in the dry 450 
temperate and semi-arid southern agricultural areas of Western Australia, Proceedings 451 
of a national conference, the role of trees in sustainable agriculture.' Albury. (National 452 
Agroforestry Working Group in conjunction with Burea of Rural Sciences:  453 
Bird, P, Jackson, T, Kearney, G, Williams, K (2002a) Effect of two tree windbreaks on 454 
adjacent pastures in south-western Victoria, Australia. Animal Production Science 42, 455 
809-830. 456 
Bird, P, Jackson, T, Williams, K (2002b) Effect of synthetic windbreaks on pasture growth in 457 
south-western Victoria, Australia. Animal Production Science 42, 831-839. 458 
Bird, PR (1998) Tree windbreaks and shelter benefits to pasture in temperate grazing 459 
systems. Agroforestry Systems 41, 35-54. 460 
Bird, PR (2003) Sustainable systems of dairy production - a review of water quality, 461 
biodiversity, soil salinity, farm forestry, shade/shelter and prodcutivity issues, and the 462 
likley impact of these revegetation of dairy farms. Department of Primary Industries, 463 
Victoria. 464 
Bird, PR, Bicknell, D, Bulman, PA, Burke, SJA, Leys, JF, Parker, JN, Van Der Sommen, FJ, 465 
Voller, P (1992) The role of shelter in Australia for protecting soils, plants and 466 
livestock. Agroforestry Systems 20, 59-86. 467 
Bird, PR, Lynch, JJ, Obst, JM (1984) Effect of shelter on plant and animal production. 468 
Proceedings of the Australian society of Animal Production 15, 270-273. 469 
Bird, R (1990) Sheltering the farm-an economic assessment of trees. Rural Quarterly 3, 12-470 
13. 471 
Brandle, JR, Hodges, L, Zhou, XH (2004) Windbreaks in North American agricultural 472 
systems. Agroforestry Systems 65-78. 473 
Brooksbank, K, Veneklaas, EJ, White, DA, Carter, JL (2011) Water availability determines 474 
hydrological impact of tree belts in dryland cropping systems. Agricultural Water 475 
Management 100, 76-83. 476 
Broster, JC, Robertson, SM, Dehaan, RL, King, BJ, Friend, MA (2012) Evaluating seasonal 477 
risk and the potential for windspeed reductions to reduce chill index at six locations 478 
using GrassGro. Animal Production Science 52, 921-928. 479 
Burke, S (1991) 'The effect of shelterbelts on crop yields at Rutherglen, Victoria, Proceedings 480 
of the role of trees in asustainable agriculture.' Aulbury.  481 
Campi, P, Palumbo, AD, Mastrorilli, M (2012) Evapotranspiration estimation of crops 482 
protected by windbreak in a Mediterranean region. Agricultural Water Management 483 
104, 153-162. 484 
20 
 
Carberry, PS, Meinke, H, Poulton, PL, Hargreaves, JNG, Snell, AJ, Sudmeyer, RA (2002) 485 
Modelling crop growth and yield under the environmental changes induced by 486 
windbreaks. 2. Simulation of potential benefits at selected sites in Australia. 487 
Australian Journal of Experimental Agriculture 42, 887-900. 488 
Caton, JS, Olson, BE (2016) Energetics of grazing cattle: Impacts of activity and climate. 489 
Journal of Animal Science 94, 74-83. 490 
Chavasse, CGR (1982) Management of shelterbelts for wood products. New Zealand Journal 491 
of Forestry 27, 189-206. 492 
Cleugh, H, Hughes, D (2002) Impact of shelter on crop microclimates: a synthesis of results 493 
from wind tunnel and field experiments. Animal Production Science 42, 679-701. 494 
Cleugh, HA (1998) Effects of windbreaks on airflow, microclimates and crop yields. 495 
Agroforestry Systems 41, 55-84. 496 
Cleugh, HA (2002a) Field measurements of windbreak effects on airflow, turbulent 497 
exchanges and microclimates. Australian Journal of Experimental Agriculutre 42, 498 
665-677. 499 
Cleugh, HA (2002b) Parameterising the impact of shelter on crop microclimates and 500 
evaporation fluxes. Australian Journal of Experimental Agriculture 42, 859-874. 501 
Cleugh, HA, Miller, JM, Böhm, M (1998) Direct mechanical effects of wind on crops. 502 
Agroforestry Systems 41, 85-112. 503 
Cleugh, HA, Prinsley, R, Bird, PR, Brooks, S, Carberry, P, Crawford, M, Jackson, TT, 504 
Meinke, H, Mylius, SJ, Nuberg, IK, Sudmeyer, RA, Wright, AJ (2002) The 505 
Australian National Windbreaks Program: an overview and summary of results. 506 
Australian Journal of Experimental Agriculutre 42, 649-664. 507 
Collier, RJ, Dahl, GE, VanBaale, MJ (2006) Major Advances Associated with Environmental 508 
Effects on Dairy Cattle. Journal of Dairy Science 89, 1244-1253. 509 
De Koning, C, Milthorpe, PL (2008) 'Integrating forage shrubs: their potential in mixed-510 
farming enterprises in low rainfall regions.' Rural Industries Research and 511 
Development Corporation  512 
De Vries, T, Cochrane, T, Galtier, A (2010) 'Saving irrigation water by accounting for 513 
windbreaks'. University of Canterbury, Department of Civil and natural Resources 514 
Engineering 515 
Donaghy, P, Bray, S, Gowen, R, Rolfe, J, Stephens, M, Hoffmann, M, Stunzer, A (2010) The 516 
Bioeconomic Potential for Agroforestry in Australia's Northern Grazing Systems. 517 
Small-scale Forestry 9, 463-484. 518 
Easterling, DR, Meehl, GA, Parmesan, C, Changnon, SA, Karl, TR, Mearns, LO (2000) 519 
Climate Extremes: Observations, Modeling, and Impacts. Science 289, 2068-2074. 520 
Easterling, WE, Hays, CJ, Easterling, MM, Brandle, JR (1997) Modelling the effect of 521 
shelterbelts on maize productivity under climate change: An application of the EPIC 522 
model. Agriculture, Ecosystems & Environment 61, 163-176. 523 
Egan, J, McLaughlin, J, Thompson, R, McIntyre, J (1972) The importance of shelter in 524 
reducing neonatal lamb deaths. Animal Production Science 12, 470-472. 525 
Felsot, AS, Unsworth, JB, Linders, JBHJ, Roberts, G, Rautman, D, Harris, C, Carazo, E 526 
(2011) Agrochemical spray drift; assessment and mitigation-a review. Journal of 527 
Environmental Science and Health - Part B Pesticides, Food Contaminants, and 528 
Agricultural Wastes 46, 1-23. 529 
Fisher, MW (2007) Shelter and welfare of pastoral animals in New Zealand. New Zealand 530 
Journal of Agricultural Research 50, 347-359. 531 
George, SJ, Harper, RJ, Hobbs, RJ, Tibbett, M (2012) A sustainable agricultural landscape 532 
for Australia: A review of interlacing carbon sequestration, biodiversity and salinity 533 
21 
 
management in agroforestry systems. Agriculture, Ecosystems & Environment 163, 534 
28-36. 535 
Gregory, NG (1995) The role of shelterbelts in protecting livestock: A review. New Zealand 536 
Journal of Agricultural Research 38, 423-450. 537 
Hall, D, Sudmeyer, R, McLernon, C, Short, R (2002) Characterisation of a windbreak system 538 
on the south coast of Western Australia. 3. Soil water and hydrology. Animal 539 
Production Science 42, 729-738. 540 
Hawke, M, Tombleson, J (1993) 'Production and interaction of pastures and shelterbelts in 541 
the central North Island, Proceedings of the New Zealand Grassland Association.'  542 
Hinch, GN, Brien, F (2014) Lamb survival in Australian flocks: a review. Animal Production 543 
Science 54, 656-666. 544 
Holmes, CW, Christensen, R, McLean, NA, Lockyer, J (1978) Effects of winter weather on 545 
the growth rate and heat production of dairy cattle. New Zealand Journal of 546 
Agricultural Research 21, 549-556. 547 
Huth, NI, Carberry, PS, Poulton, PL, Brennan, LE, Keating, BA (2003) A framework for 548 
simulating agroforestry options for the low rainfall areas of Australia using APSIM. 549 
European Journal of Agronomy 18, 171-185. 550 
Jones, H, Sudmeyer, R (2002) Economic assessment of windbreaks on the south-eastern 551 
coast of Western Australia. Australian Journal of Experimental Agriculture 42, 751-552 
761. 553 
Jose, S (2009) Agroforestry for ecosystem services and environmental benefits: an overview. 554 
Agroforestry Systems 76, 1-10. 555 
Kilaka, EK (2015) The effects of windbreaks on the effectiveness of sprinkler irrigation 556 
systems. University of Canterbury. 557 
Koh, I, Kim, S, Lee, D (2010) Effects of bibosoop plantation on wind speed, humidity, and 558 
evaporation in a traditional agricultural landscape of Korea: Field measurements and 559 
modeling. Agriculture, Ecosystems and Environment 135, 294-303. 560 
Kort, J (1988) 9. Benefits of windbreaks to field and forage crops. Agriculture, Ecosystems & 561 
Environment 22–23, 165-190. 562 
Loane, B (1991) FARMTREE: a model for determining the economics of agroforestry in 563 
Victoria, Australia. Agricultural Systems and Information Technology Newsletter 3, 564 
15-16. 565 
Luedeling, E, Smethurst, PJ, Baudron, F, Bayala, J, Huth, NI, van Noordwijk, M, Ong, CK, 566 
Mulia, R, Lusiana, B, Muthuri, C (2016) Field-scale modeling of tree–crop 567 
interactions: Challenges and development needs. Agricultural Systems 142, 51-69. 568 
Lynch, J, Alexander, G (1976) The effect of gramineous windbreaks on behaviour and lamb 569 
mortality among shorn and unshorn Merino sheep during lambing. Applied Animal 570 
Ethology 2, 305-325. 571 
Lynch, J, Alexander, G (1977) Sheltering behaviour of lambing Merino sheep in relation to 572 
grass hedges and artificial windbreaks. Australian Journal of Agricultural Research 573 
28, 691-701. 574 
Lynch, J, Donnelly, J (1980) Changes in pasture and animal production resulting from the use 575 
of windbreaks. Crop and Pasture Science 31, 967-979. 576 
Lynch, J, Elwin, R, Mottershead, B (1980a) The influence of artificial windbreaks on loss of 577 
soil water from a continuously grazed pasture during a dry period. Australian Journal 578 
of Experimental Agriculture 20, 170-174. 579 
Lynch, JJ, Mottershead, BE, Alexander, G (1980b) Sheltering behaviour and lamb mortality 580 
amongst shorn Merino ewes lambing in paddocks with a restricted area of shelter or 581 
no shelter. Applied Animal Ethology 6, 163-174. 582 
22 
 
Mader, T, Dahlquist, J, Gaughan, J (1997) Wind protection effects and airflow patterns in 583 
outside feedlots. Journal of Animal Science 75, 26-36. 584 
Mayus, M, Van Keulen, H, Stroosnijder, L (1998) A model of tree-crop competition for 585 
windbreak systems in the Sahel: description and evaluation. Agroforestry Systems 43, 586 
183-201. 587 
McArthur, AJ (1991) Forestry and shelter for livestock. Forest Ecology and Management 45, 588 
93-107. 589 
McHenry, M (2013) How farming and forestry converge: enhancing the interface between 590 
agricultural production, and tree biomass/bioenergy systems to improve farm-scale 591 
productivity in Western Australia. In 'Bioenergy systems, biological sources and 592 
environmental impact.' (Ed. MC Allard.) pp. 95-110. (Nova Science Publishers: 593 
Hauppauge, New York) 594 
McIlvain, E, Shoop, M (1971) Shade for Improving Cattle Gains and Rangeland Use (El Uso 595 
de Sombreadores para Mejorar las Ganancias de Novillas y Pastoreo de Animales). 596 
Journal of Range Management 181-184. 597 
Meinke, H, Carberry, P, Cleugh, H, Poulton, P, Hargreaves, J (2002) Modelling crop growth 598 
and yield under the environmental changes induced by windbreaks 1. Model 599 
development and validation. Australian Journal of Experimental Agriculture 42, 875-600 
885. 601 
Messing, I, Åfors, M, Rådkvist, K, Lewan, E (1998) Influence of shelterbelt type on potential 602 
evaporation in an arid environment. Arid Soil Research and Rehabilitation 12, 123-603 
138. 604 
Miller, GR (1968) Some responses of hill ewes and lambs to artificial shelter. Animal 605 
Production 10, 59-66. 606 
Nuberg, IK (1998) Effect of shelter on temperate crops: a review to define research for 607 
Australian conditions. Agroforestry Systems 41, 3-34. 608 
Nuberg, IK, Bennell, MR (2009) Trees protecting dryland crops and soil. In 'Agroforestry for 609 
Natural Resource Mangement.' (Eds IK Nuberg, B George, R Reid.) (CSIRO 610 
Pubishing: Melbourne, Australia) 611 
Nuberg, IK, Mylius, SJ (2002) Effect of shelter on the yeild and water use of wheat. 612 
Australian Journal of Experimental Agriculutre 42, 773-780. 613 
Nuberg, IK, Mylius, SJ, Edwards, JM, Davey, C (2002) Windbreak research in a South 614 
Australian cropping sytem. Australian Journal of Experimental Agriculture 42, 781-615 
795. 616 
Oliver, YM, Lefroy, EC, Stirzaker, R, Davies, CL (2005) Deep-drainge control and yield: the 617 
trade-off between trees and crops in agroforestry systems in the medium to low 618 
rainfall areas of Australia. Australian Journal of Agricultural Research 56, 1011-619 
1026. 620 
Olson, BE, Wallander, RT (2002) Influence of winter weather and shelter on activity patterns 621 
of beef cows. Canadian Journal of Animal Science 82, 491-501. 622 
Olson, BE, Wallander, RT, Paterson, JA (2000) Do windbreaks minimize stress on cattle 623 
grazing foothill winter range? Canadian Journal of Animal Science 80, 265-272. 624 
Pannell, DJ, Marshall, GR, Barr, N, Curtis, A, Vanclay, F, Wilkinson, R (2006) 625 
Understanding and promoting adoption of conservation practices by rural landholders. 626 
Australian Journal of Experimental Agriculture 46, 1407-1424. 627 
Patabendige, D, Lefroy, EC (1992) Fodder trees and shrubs for high rainfall areas of south 628 
Western Australia. Department of Agriculture and Food, Western Australia. 629 
Peri, PL, Bloomberg, M (2002) Windbreaks in southern Patagonia, Argentina: A review of 630 
research on growth models, windspeed reduction, and effects oncrops. Agroforestry 631 
Systems 56, 129-144. 632 
23 
 
Place, F, Ajayi, OC, Torquebiau, E, Detlefsen, G, Gauthier, M, Buttoud, G (2012) Improved 633 
policies for facilitating the adoption of agroforestry. In 'Agroforestry for biodiversity 634 
and ecosystem services - Science and practice.' (Ed. M Kaonga.)  635 
Pollard, JC (1999) Shelter benefits for lamb survival in southern New Zealand. I. Postal 636 
survey of farmers' opinion. New Zealand Journal of Agricultural Research 42, 165-637 
170. 638 
Pollard, JC (2006) Shelter for lambing sheep in New Zealand: A review. New Zealand 639 
Journal of Agricultural Research 49, 395-404. 640 
Pollard, JC, Littlejohn, RP (1999) Shelter for lambing in southern New Zealand. II. 641 
Sheltering behaviour and effects on productivity. New Zealand Journal of 642 
Agricultural Research 42, 171-177. 643 
Polyakov, M, Pannell, DJ, Pandit, R, Tapsuwan, S, Park, G (2014) Capitalized amenity value 644 
of native vegetation in a multifunctional rural landscape. American Journal of 645 
Agricultural Economics 97, 299-314. 646 
Race, D, Curtis, A (1997) Socio-economic considerations for regional farm forestry 647 
development. Australian Forestry 60, 233-239. 648 
Race, D, Curtis, A (2007) Adoption of farm forestry in Victoria: linking policy with practice. 649 
Australasian Journal of Environmental Management 14, 166-187. 650 
Radcliffe, J (1985) 'Shelterbelt increases dryland pasture growth in Canterbury, Proceedings 651 
of the New Zealand Grassland Association.'  652 
Robertson, SM, Friend, MA, Broster, JC, King, BJ (2011) Survival of twin lambs is increased 653 
with shrub belts. Animal Production Science 51, 925-938. 654 
Rosenberg, NJ (1966) Microclimate, air mixing and physiological regulation of transpiration 655 
as influenced by wind shelter in an irrigated bean field. Agricultural Meteorology 3, 656 
197-224. 657 
Stanley, J, Clouston, B, Baker, R (2006) Understanding land manger constraints to the 658 
adoption of changed practices or technological innovations: Literature review. Charles 659 
Sturt University, Bathurst, NSW. 660 
Stewart, A, Reid, R, 2006. Ten percent multipurpose tree cover for every farm: A low risk, 661 
high opportunity first step. Overstory. 177:  662 
Stewart, H (2009) Victorian farm forestry inventory scoping study. Farm Forest Growers 663 
Victoria Incorporated, Mansfield, Victoria. 664 
Stirzaker, RJ, Lefroy, EC, Ellis, TW (2002) An index for quantifying the trade-off between 665 
drainage and productivity in tree-crop mixtures. Agricultural Water Management 53, 666 
187-199. 667 
Sturrock, JW (1981) Shelter boosts crop yield by 35 per cent: also prevents lodging. New 668 
Zealand Journal of Agriculture 143, 18-19. 669 
Sudmeyer, R, Flugge, F (2005) The economics of managing tree-crop competition in 670 
windbreak and alley systems. Australian Journal of Experimental Agriculture 45, 671 
1403-1414. 672 
Sudmeyer, RA, Adams, MA, Eastham, J, Scott, PR, Hawkins, W, Rowland, IC (2002a) 673 
Broadacre crop yield in the lee of windbreaks in the medium and low rainfall areas of 674 
south-western Australia. Australian Journal of Experimental Agriculture 42, 739-750. 675 
Sudmeyer, RA, Daniels, T, Jones, H, Huxtable, D (2012) The extent and cost of malleecrop 676 
competition in unharvested carbon sequestration and harvested mallee biomass 677 
agroforestry systems. Crop and Pasture Science 63, 555-569. 678 
Sudmeyer, RA, Hall, D, Eastham, J, Adams, MA (2002b) The tree-crop interface: the effect 679 
of root pruning in south-western Australia. Australian Journal of Experimental 680 
Agriculture 42, 763-772. 681 
24 
 
Sudmeyer, RA, Scott, PR (2002) Characterisation of a windbreak system on the south coast 682 
of Western Australia. 2. Crop growth. Australian Journal of Experimental Agriculture 683 
42, 717-727. 684 
Sudmeyer, RA, Speijers, J (2007) Influence of windbreak orientation, shade and rainfall 685 
interception on wheat and lupin growth in the absence of below-ground competition. 686 
Agroforestry Systems 71, 201-214. 687 
Sun, D, Dickinson, GR (1994) A case study of shelterbelt effect on potato (Solanum 688 
tuberosum) yield on the Atherton Tablelands in tropical north Australia. Agroforestry 689 
Systems 25, 141-151. 690 
Taylor, DB, Schneider, DA, Brown, WY, Price, IR, Trotter, MG, Lamb, DW, Hinch, GN 691 
(2011) GPS observation of shelter utilisation by Merino ewes. Animal Production 692 
Science 51, 724-737. 693 
Tucker, CB, Coetzee, JF, Stookey, JM, Thomson, DU, Grandin, T, Schwartzkopf-Genswein, 694 
KS (2015) Beef cattle welfare in the USA: identification of priorities for future 695 
research. Animal Health Research Reviews 16, 107-124. 696 
Ucar, T, Hall, FR (2001) Windbreaks as a pesticide drift mitigation strategy: a review. Pest 697 
Management Science 57, 663-75. 698 
White, DA, Dunin, FX, Turner, NC, Ward, BH, Galbraith, JH (2002) Water use by contour-699 
planted belts of trees comprised of four Eucalyptus species. Agricultural Water 700 
Management 53, 133-152. 701 
Woodall, GS, Ward, BH (2002) Soil water relations, crop production and root pruning of a 702 
belt of trees. Agricultural Water Management 53, 153-169. 703 
Wratten, SD, Gillespie, M, Decourtye, A, Mader, E, Desneux, N (2012) Pollinator habitat 704 
enhancement: Benefits to other ecosystem services. Agriculture, Ecosystems & 705 
Environment 159, 112-122. 706 
Young, A (1989) 'Agroforestry for soil conservation.' (CAB international Wallingford, UK:  707 
Young, JM, Saul, G, Behrendt, R, Byrne, F, McCaskill, M, Kearney, GA, Thompson, AN 708 
(2014) The economic benefits of providing shelter to reduce the mortality of twin 709 
lambs in South-Western Victoria. Animal Production Science 54, 773-782. 710 
Zhang, W, Ricketts, TH, Kremen, C, Carney, K, Swinton, SM (2007) Ecosystem services and 711 
dis-services to agriculture. Ecological Economics 64, 253-260. 712 
Zheng, X, Zhu, J, Xing, Z (2016) Assessment of the effects of shelterbelts on crop yields at 713 
the regional scale in Northeast China. Agricultural Systems 143, 49-60. 714 
Zomer, RJ, Trabucco, A, Coe, R, Place, F (2009) Trees on farm: Analysis of global extent 715 
and geographical patterns of agroforestry. World Agroforestry Centre, Kenya. 716 
 717 
  718 
25 
 
Table 1: Published impacts of agroforestry systems on paddock evapotranspiration in 719 
Australia and New Zealand. Shelter type refers to mechanism by which shelter was generated 720 
in the study. TH refers to tree heights * Includes Australian studies 721 
Publication Windbreak 
type 
Location Results Conclusion 
Bird (1998) Various Global* NA (review) Soil evaporation reduced and 
soils with shelter store water for 
longer. 
Cleugh (1998) Tree Theoretical Environmental changes 
due to windbreaks alter 
evapotranspiration. 
Effect of windbreaks is complex, 
and effects vary depending on 







reduced up to 6 TH. 
Windbreaks reduce evaporative 
demand, but effects depend on 




Artificial NA Heat flux (evaporative 
flux) reduced in quiet 
zone (0-5 TH) and 
enhanced at 8-12 TH.  
Evaporation fluxes and 
microclimate patterns differ to 
near-surface wind-speeds, 
therefore the drivers of plant 
yields may be variable over 
distance. 




Soil water reduced 
within 3 TH. 
Windbreaks reduce stored water 
and results in halving of water 
available to plants. 
Nuberg & 
Mylius (2002) 
Artificial Adelaide Shelter reduced early 
season evaporation. 
Sheltered sites retained soil water 
for longer periods, this increased 





Soil water was reduced 
within 1.7 TH. 
Reduced soil water near 
windbreak a result of uptake by 
trees. 






up to 50%.  
By modelling irrigation use 
showed that shelter can reduce 
farm water requirements by 16%. 





Windbreaks conserve water due 
to reduced spray losses and 
decrease in evapotranspiration. 
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Table 2: Published impacts of windbreaks on pasture and crop growth for Australian 723 










+35% Shelterbelt standards are currently held 
back by lack of information. 
Kort (1988) Tree Global*1 - 8 – + 203% 94 out of 97 shelterbelts increased crop 






0-30% increase Increase was species dependent. Lupins 
27-20%, oats 0-10%. 





Increased observed varied with species 






Overall decrease Paddock level decrease but 15% increase 




Tree Australia +6.7% yield, +11% 
quality 
Reduction in competition zone but 
increase in sheltered zone resulted in 
overall paddock increase. 
Bird (1998) Tree Global + 12 – 60%*3 Impact hard to detect as effect size is 
small and variability between and within 
paddocks overwhelms response. 
Nuberg (1998) Various Global + 0 – 47% 26 out of 31 studies showed yield 
increases 3 decreased but only measured 
competition zone. Results highly 
temporally and spatially variable. 






Significant reduction in competition 
zone (0-1TH) but no difference in 
sheltered zone. 




+8-10% annually Small but consistent increase in pasture 
in sheltered plots. Trend reversed in wet 
conditions. 















-2.8% Consistent decrease in competition zone 
and only small increase in sheltered 
zone, although increased in dry year. 
Cleugh et al. 
(2002) 
Various Australia No response or 
small increase. 
Overall yield results are small but 
benefits were enhanced in dry years and 
when wind was a limiting factor. 
Oliver et al. 
(2005) 
Tree Australia - 24 – + 17%. Across all paddocks 4 out of 21 had a 






Artificial Australia Yield decrease 
within 1.5–3 
shelter heights 
Shading has a negative impact on crop 
yield. Variable between species. 
Bennell & 
Verbyla (2008) 
Tree Australia + 0 – 19 % Showed strong spatial, temporal and 
species variation with. Effects stronger 
in dry and windy years. 
*1 Reported results from temperate systems only *2 results derived from (Nuberg 1998) *3results 725 
exclude studies previously reported by Kort (1988). 726 
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Table 3: Published reviews of the benefits of shelter on livestock mortality. 728 
Publication Windbreak 
type 
study Location Conclusions 
Miller (1968) 
Artificial Sheep New Zealand No response in live-weight, although 
lambs utilised shelter. 
Egan et al. (1972) Artificial Sheep Australia 
(Victoria) 
13% increase in early survival. Benefit 







50% reduction in mortality. Shelter 
used more in inclement weather. 
Alexander et al. 
(1980) 
Grass  Sheep Australia 
(NSW) 
10-32% survival increase. Driven by 
wind velocity. 
Lynch et al. 
(1980b) 
Grass Sheep Australia 
(NSW) 
50% reduction in mortality. 
Bird et al. (1984) Trees Sheep Australia Shelter reduces lamb mortality by up 
to 50%. 
Gregory (1995) Trees Livestock New Zealand Shelter reduces mortality but effect is 
most prevalent in young lambs and 
shorn sheep in inclement weather. 
Pollard (2006) Various Sheep New Zealand, 
Australia 
Wind shelter reduced mortality by 3-
13% of single lambs, and 14-37% of 
twins.  
Fisher (2007) Various Livestock New Zealand Shelter must be provided in situations 
where the animal would use it. 
Hinch & Brien 
(2014) 
Various Sheep Australia Overall shelter reduces mortality rates 
but more research is required. 
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Table 4: Published studies and reviews on the effect of windbreaks on livestock productivity. 730 
Publication Windbreak 
type 








NA (Review). Shelter minimises the weather 
conditions which reduce 
productivity. Benefits may be 
restricted to extreme conditions. 
Much of the evidence is 
anecdotal. 
Bird (2003) Various Dairy 
Cows 
Global NA (Review). Extreme environmental 
conditions reduce productivity. 
Shelter can limit losses but 





Grass Sheep NSW Lambs with 
shelter 12g 
heavier at 21 
days. 
Shelter protects lambs and gives 




Artificial Sheep NSW Shelter increased 
wool produced 
per day. 
Increase in productivity is 
linked to increased pasture 
growth that was observed. 
Lynch et al. 
(1980a) 




Energy intake is linked to live-








Lack of difference between 
shelter and no-shelter may be 
due to the lack of extreme 
conditions. 
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Model Location Results Conclusions 
Nuberg 
(1998) 
Windbreak NA (Review) Global Lack of data on the 
net yield impact. 
Economic models need to 
be developed. 
Bird (1990) Windbreak Economic - 
whole farm 
(tree, crop & 
livestock) 
Australia If 5% of area used as 
shelterbelts long-term 
profitability increases. 
10% of the farm as close 
spaced shelterbelts can be 
used without reduced 
yield. 






(Model developed not 
tested). 
Data uncertainty and 
complex interactions 




Windbreak Crop yield 
and 
microclimate. 
Australia Distance to 
windbreak alters 
evaporative demand. 
Shelter induced changes 
in evaporative demand 





crop & tree, 
with temporal 
component. 






when not close together 
and when damaging wind 
conditions present.  
Meinke et al. 
(2002) 
Windbreak Crop yield, 
with temporal 
component. 
Australia Windbreak induced 
environmental 
changes can be 
included in existing 
crop models. 
It is possible to model the 
effects of windbreaks on 
a variety of crops in 
Australian systems. 
Huth et al. 
(2003) 
Windbreak Crop & tree 
yield. 
Australia Cash flow in 
agroforestry system 
only exceeds control 
when trees are 
utilised. 
Modified APSIM model 
calculates agroforestry 
yield, allows comparison 
















Broster et al. 
(2012) 
Windbreak Environmenta
l model for 
lamb 
mortality 
Australia Windbreaks reduce 
the time which wind-
chill is at significant 
levels. 
In high wind-chill areas, 
windbreaks are an 





crop & tree 
Western 
Australia 
Tree competition is a 
significant cost 
Management can alter 
profitability e.g. harvest 
timing, windbreak 
spacing & root pruning. 
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Australia Profitability increased 
if shelter reduced 
mortality 
Shelter in high wind-chill 
areas shelter increased 
profit. 
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• Quantification of the impact that changes in evapotranspiration has 
on plant biomass/yield production. 
• Impact of windbreaks on irrigation spray drift. 
Pasture/crop 
yield 
• Understanding the relative importance of environmental conditions 
which drive crop/pasture responses. 
• Understanding variation in responses between species. 
• Understanding variation in response with season/year. 
Livestock 
mortality 
• Quantification of the impact that tree windbreaks have on livestock 
mortality as opposed to other shelter types, particularly for cattle. 








• Multi benefit modelling that includes tree yield, whole farm water 
use, crop/pasture/livestock yields and their interactive effects. 
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